Abstract Bursty bulk flows (BBFs) have been correlated with Pi2 pulsations and damping oscillations of plasma velocity in many investigations. But the oscillation time scales in BBFs are still an open question. The purpose of this study is to statistically study the oscillated frequency distribution of magnetic field and plasma parameters inside BBFs. The data are obtained by the Time History of Events and Macroscale Interactions during Substorms (THEMIS) probes during the period of 2008 to 2011. For 424 selected BBF events, we use the wavelet spectrum analysis to select the main, second, and third period components of the magnetic field and plasma parameters according to their largest, second, and third largest values of the wavelet power spectral density, respectively. The power spectra show repeated information in the form of multiple peaks or oscillations. The quasi-Gaussian distribution is a good model for the occurrences of the main and secondary periods. The most probable main periods of the magnetic field and plasma parameters are between 143 s and 160 s, which are located in the frequency band of Pi2 and Pi3 pulsations. The second and third period ranges from 63 s to 70 s and from 34 s to 37 s, respectively. Main periods of these parameters change little with the radial distance. We conclude that periods of these parameters are formed at the beginning of BBF history. Although the distribution model cannot give the dynamic processes, it identifies the intrinsic frequencies in oscillations of magnetic field and ion velocity inside of BBFs.
Introduction
It has been shown that fast flows dominated the earthward transport of plasma and magnetic flux in the magnetotail plasma sheet [Baumjohann et al., 1989 [Baumjohann et al., , 1990 . Fast flows organize themselves as bursty bulk flow events (BBFs) with a duration of about 10 min by using single-satellite statistical analysis [Angelopoulos et al., 1994] and about 18 min with multiple satellites [Cao et al., 2006] . Generally speaking, BBFs are composed of flow bursts which last about 1 min [Angelopoulos et al., 1992] . The peak velocities of these flow bursts are about 1 order of magnitude above the mean convection velocities in the plasma sheet [Slavin et al., 2003; Henderson et al., 2006] . Multispacecraft observations have shown that BBFs occur in localized channels with an extent only 2-4 R E wide [Sergeev et al., 1996a [Sergeev et al., , 2000 Nakamura et al., 2004] .
Currently, the most accepted interpretation of the characteristics of BBFs is that they are bubbles which consist of depleted flux tubes of small cross-tail size and are accelerated earthward by the interchange instability [Chen and Wolf, 1993] . Chen and Wolf [1999] further predicted three characteristics of the bubbles near the neutral sheet: high-speed flows, low particle pressures, and strong magnetic fields. These features were confirmed by case studies [Sergeev et al., 1996a; Forsyth et al., 2008] and simulation [Birn et al., 2004] . BBFs are generally attributed to localized reconnection in the magnetotail [Sergeev et al., 1992; Nagai et al., 1998; Øieroset et al., 2000; Shay et al., 2003] . During the reconnection process, closed flux tubes and plasmoids are ejected and fast flows are generated simultaneously. After the generation of BBFs, they would propagate earthward and tailward.
As BBFs propagate earthward they may send Alfvén waves along the field lines into the ionosphere. Part of these waves will be reflected due to the higher conductivity of ionosphere and adding to the incident waves in the tail. This process will continue until the magnetosphere-ionosphere system reaches a new stationary state. This generates a bouncing Alfvén wave on the field lines associated with the fast flow [Southwood and Stuart, 1979; Baumjohann and Glaßmeier, 1984] . This bouncing Alfvén waves may lead to transient response (TR) Pi2 at high latitudes [Kepko et al., 2001; Cao et al., 2008] . The periods are determined by the WU ET AL.
OSCILLATION FREQUENCY 1 wave travel time along the flux tube. And the travel time depends on the length of the flux tube, the plasma density, and the magnetic field.
When earthward moving BBFs reach the near-Earth region between X = À20 and À10 R E , they will be decelerated by the dominant dipolar magnetic field and pressure gradient located at the near-Earth edge of the plasma sheet [Shiokawa et al., 1997; Du et al., 2011; Ream et al., 2016] . This may produce compressional waves in the near tail [Shiodawa et al., 1998; Kepko and Kivelson, 1999; Kepko et al., 2001 Kepko et al., , 2004 Kim et al., 2007] . These waves will penetrate the inner magnetosphere and generate ground-observed Pi2s. Kepko and Kivelson [1999] indicated that there was a one-to-one correspondence between ground Pi2s at low latitudes on the flank and flow bursts in the magnetotail. The flow bursts were leading the Pi2s by 1-2 min. They also suggested that low-latitude Pi2 pulsations are directly driven by compressional pulses which are associated with braking of oscillatory earthward flows [Kepko et al., 2001] .
The deceleration of BBFs may also lead to damped oscillations [Chen and Wolf, 1999; Panov et al., 2010; Birn et al., 2011; Panov et al., 2013] . Wolf et al. [2012] calculated the oscillation periods by analytical MHD approximations using an oscillating flux tube and background plasma sheet parameters. Based on their work, Panov et al. [2013] reported the distribution of periods of damped oscillatory flow in the plasma sheet by using Time History of Events and Macroscale Interactions during Substorms (THEMIS) data. They showed that the period of damping oscillations varied between about 2 and 9 min, with the most probable value between 3 to 4 min.
Bauer et al.
[1995] investigated low-frequency waves in the near-Earth plasma sheet, and the results showed that the average spectra power increased monotonically when the frequency decreased. These lowfrequency waves would be enhanced during substorms. The highest values of all wave spectra in the range 0.03-2 mHz increased with high-speed flows. Based on this study, Volwerk et al. [2003] studied the compressional waves in the tail current sheet. They reported that the compressional wave spectral power increased with velocity and saturated when the perpendicular flow velocity reached~400 km/s.
BBFs have been correlated with waves and damping oscillations of plasma velocity in many investigations. But the time scales in BBFs are still an open question. Panov et al. [2013] only showed the periods distribution of damped oscillations. So we devote to statistically investigate the distribution of the periods of the flow velocity and magnetic field inside BBFs. The result will be helpful for better understanding of Pi2 pulsations and BBFs origin and variability. The paper is organized as follows. In the next section we will introduce the chosen instrumentation and selection criteria of BBFs. Section 3 will show how to choose BBFs and periods of oscillations in case studies. Section 4 will present the statistical results. The results will be discussed in section 5, and conclusions will be given in section 6.
Data and BBF Event Selection
In this study, we use data from the identical instruments on THEMIS [Angelopoulos, 2008; Sibeck and Angelopoulos, 2008] . The THEMIS mission consists of five probes, all of which have orbital trajectories through the Earth magnetotail. The coverage of THEMIS A, D, and E in the X GSM direction is from À12 R E to À9 R E during their tail period. THEMIS B covers the region from À9 R E to À50 R E , while THEMIS C covers from À9 R E to À31 R E . In this paper we choose the data observed by these five probes when they are located in the tail during the year 2008 to 2011. We only selected data observed from À9 R E to À20 R E in the X GSM direction because few BBFs were detected beyond this region farther down the tail. |Y GSM | < 10 R E is used to exclude the magnetopause boundary layer excursions, and |Z GSM | < 5 R E is used to remove events outside of the plasma sheet. Beta >0.5 is also used to ensure that events are plasma sheet BBFs. The THEMIS magnetic field data come from the fluxgate magnetometer (FGM) [Auster et al., 2009] . The plasma velocity is derived from the electrostatic analyzer (ESA) instrument [McFadden et al., 2008] . All of these data from THEMIS are formatted to 3 s resolution in the GSM coordinate system. The compressional and shear components of the magnetic field and ion velocity are related to the current wedge and the generation of ground Pi2s [Kepko and Kivelson, 1999; Kepko et al., 2001] . Studying the statistical properties of these component will help understand the relationship between BBFs and Pi2s. So the compressional and shear components of the magnetic field and velocity are also analyzed in this study. In order to do this, the magnetic data are first rotated into a local mean-field-aligned (MFA) coordinate system [Takahashi et al., 1990] . The three components of the MFA
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system are denoted as e x , e y , and e z . The compressional component is parallel to e z which is a unit vector along the 10 min moving-average magnetic field direction. 10 min being selected as the window is because it is the double period [Song and Russell, 1999] of 300 s which is the upper boundary of our period range. The component e y is perpendicular to the compressional component and the probe position vector. e x completes the right-hand system.
The BBF criteria of Angelopoulos et al. [1994] are applied to choose BBF events:
2. V i exceeds 400 km/s at least for one sample period during the segments for which V i > 100 km/s. 3. Flows above 400 km/s separated by less than 10 min are considered parts of the same fast flow event. 4. A BBF begins when V i exceeded 100 km/s and ends when the velocity drops below 100 km/s.
In this paper only BBFs with a duration time above 5 min are selected. Tailward cases are also excluded because few events were detected. In all, 424 BBFs are selected according to the criterion.
Case Study of BBFs
We first make a case study to present how we select the BBFs and the time scales of the magnetic field oscillations and plasma parameters. Figure 1 shows the plasma beta, the plasma bulk velocity, total magnetic field, and three components of the velocity and the magnetic field observed by THEMIS A (P5) in the GSM coordinate system within the interval 0220-0250 UT on 25 March 2010. The blue, green, and red lines indicate three GSM X, Y, and Z components of magnetic field and ion velocity, respectively. Two vertical black lines point out the beginning and ending time of this BBF. Figure 1 (first panel) shows the plasma beta which is greater than 0.5 for almost the whole time interval. This suggests that P5 is in the central plasma sheet during this period.
Figure 1 (second panel) shows the bulk velocity of the plasma. The bottom and top dashed lines in this panel indicate the velocity of 100 km/s and 400 km/s, respectively. A typical BBF can be seen between the two vertical black lines. The speed is below 100 km/s before 0234:18 UT and then above this speed until 0243:45 UT. Samples above 400 km/s appear near 0234:45 UT, 0236:23 UT, and 0242:45 UT. The time span between them is less than 10 min. Although there are samples beneath the lower dashed line between 0238 UT to 0242 UT, all these samples are still treated as one BBF [Angelopoulos et al., 1994] . This BBF ends at 0243:45 UT when velocity drops to less than 100 km/s.
The total magnetic field (B T ) in Figure 1 (third panel) shows strong oscillations during the BBF interval. The maximum amplitude of these oscillations is about 30 nT. There is nearly no disturbance before this BBF and weak oscillation after BBF. During the BBF, the oscillations of B T are superposed on an average background field which is about constant. The X GSM , Y GSM , and Z GSM components of the velocity and the magnetic field are shown in Figure 1 (fifth and sixth panels). V X in Figure 1 (fifth panel) is greater than V Y and V Z before 0236 UT and keeps the same level with V Y in the remaining time of the BBF. The positive V X shows that this event is Earthward BBF. Figure 1 (sixth panel) shows that B X and B Y are less than B Z which is on average~10 nT during the whole time with oscillation superposed. The sign of B X changes from negative to positive at the onset time of the BBF indicating that P5 traverses the neutral sheet at this time. B Z has no disturbance before the starting time but has oscillation with maximum amplitude of about 30 nT in the BBF. There are also strong oscillations of B X , B Y inside the BBF.
The selection criterion for the time scale of the oscillation is shown in Figure 1 (fourth panel). The time interval of the BBF is extended forward and afterward to prevent the influence of wavelet transform at the boundary before the calculation. Then low-pass-filtered data with a 10 min threshold are applied to the magnetic field. The power spectral density of the filtered magnetic data is plotted in Figure 1 (fourth panel) . Wavelet software used in this paper was provided by C. Torrence and G. Compo and is available at http://atoc.colorado.edu/research/wavelets/. In this paper the mother wavelet in the software is "Morlet." The sampling time "DT" is 3 s. Other inputs are at their default values. The output periods are the discrete Fourier periods. The global power spectral between two vertical black lines is calculated and pictured on the right side of the wavelet panel. Periods corresponding to the peaks on this line are selected as the time scales of the oscillations.
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The criteria for the peaks are as follows. First, the base line is selected as 10% of the maximum global power in order to distinguish the peak from the background noisy power. Then the width of the selection window is 10 discrete Fourier periods. The central sample of the window will be treated as one peak if its power is bigger than others in this window. Then all peaks are found by shifting the selection window point-by-point from the minimum period to maximum period. In addition, only periods less than 300 s are extracted as we only select BBFs with a duration time above 300 s. The distributions of first three period are analyzed in this paper. All BBFs used in this paper have main period. But not all of them have second and third period. One can see that the magnetic field in Figure 1 has only main period T 1 about 45 s related to the strongest peak. Figure 2b is the bulk velocity, and Figure 2c shows the total magnetic field B T . The maximum amplitude of the oscillations in the BBF is about 15 nT. Three components of velocity and magnetic field in the GSM coordinate system are shown in Figures 2e and 2f . Figure 2d is the power spectral density of the magnetic field. The first three periods determined in the magnetic field of this BBF can be seen clearly from the power spectral density and the global power. The main period T 1 is 167 s, second period T 2 is 70 s, and third period T 3 is 41 s. 
Statistics on the Oscillation Time Scales
Automatic computer algorithms are created according to the criteria mentioned above to pick out BBFs and period. Then each event and period is visually inspected and identified by us. All 424 BBF events are selected in this work. Figure 3 shows the spatial distribution of these BBFs. The area of À5 R E > X > À25 R E and À10 R E < Y < 10 R E is divided into 1 R E × 1 R E squares. The position of a BBF event is identified as the average location of the area where it is observed by satellite. The number of BBFs located in the same bin is indicated by color. The color bar is shown on the right of this this figure. Figure 3 (bottom) is similar to Figure 3 (top) except that it is for the Y-Z plane. Figure 3 (top) shows that the number of BBFs is quasi-symmetric in the dawn-dusk direction when À20 R E < X < À9 R E . Figure 3 (bottom) reveals that more BBF events are observed in the Southern Hemisphere of the tail (Z GSM < 0), which may be an effect of the orbits of the spacecraft.
The average duration time of the BBFs changes with radial distance as is shown in Figure 4 . The geocentric distance of BBFs is calculated by R ¼
, in which X GSM , Y GSM , and Z GSM are the position coordinates. The radial distance from 9 R E to 25 R E is divided into 1 R E subunits. The average duration time of BBFs in 1 R E is plotted as rhombus. The black lines in this figure are the linear fits of the duration as a function of distance. The data are linearly fitted with two curves for the near 9 R E < R < 17 R E and the far away 12 R E < R < 20 R E radial distance range, respectively. α n and α f are the slopes of the fitting lines for Figure 2d have main, second, and third periods.
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the near and far away radial distance ranges, and accordingly, rc n and rc f are the regression coefficients (goodness of fit) for these ranges. Error bar indicates the standard deviation. The slopes reveal that the duration time increases strongly with increasing distance at near earth region up to 15 R E , whereas at far away radial distance range the graph seems to flatten. The average duration time of all these events is about 16 min which is 2 min shorter than the Cluster result of Cao et al. [2006] and 6 min longer than 10 min proposed by Angelopoulos et al. [1994] . The main reason may be that only BBFs with duration time longer than 5 min are selected in this work.
Then we fit the period distribution of the magnetic and plasma parameters. The function we used in our fitting is a Gaussian distribution of the form as follows:
We call the function as quasi-Gaussian. In this function, x denotes the variable, A 0 , A 1 , A 2 , A 3 , A 4 , and A 5 are the height of the Gaussian, the center of Gaussian, the standard deviation of Gaussian, the constant term, the linear term, and the quadratic term, respectively. First, Gaussian function and functions with zeroth-to second-order polynomials are used to fit the distribution of the periods and standard deviations are calculated. The function with lowest standard deviation will be selected as the fitting function. The average duration of BBFs in 1 R E unit is plotted as green rhombuses. Black line is the fitting line of average duration time. α n and α f are the slopes of the fits for the near (9-17 R E ) and far away (12-20 R E ) radial distance ranges. rc n and rc f are the regression coefficients for these ranges. Error bar indicates the standard deviation.
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Gaussian distribution. Figure 5a denotes the distribution of all three periods of T 1 , T 2 , and T 3 . The decrease in the number of events with increasing period means that the probability of the highfrequency oscillation is higher than that of low frequency. Figure 5b shows the distribution of the main periods T 1 . The function with zeroth-order polynomial is selected to fit the distribution. The result shows that the distribution of the main period agrees well with a quasi-Gaussian distribution. The peak period is about 150 s. The peak of the second period T 2 in Figure 5c is about 70 s fitted by the function with zeroth-order polynomial. The number of BBF events with a third period T 3 is relatively small, and most of the periods are about 37 s. As we mentioned above, T 1 is related to the strongest peak in the power spectrum, T 2 corresponds to the second strongest peak, and T 3 corresponds to the third strongest peak. These three periods from Figure 5 are 150 s, 70 s, and 37 s. So it concludes that low-frequency waves have more power density than high-frequency waves on average.
The plasma velocity, the compressional and shear components of the magnetic field and ion velocity are analyzed in the same way as B T . The periods of these parameters have a similar distribution to B T . Main and second periods of these parameters have quasi-Gaussian distribution. The ranges of the most probable main and second period are given in Table 1 . The maximum occurrence rates of the main period are between 143 s and 160 s and second period between 63 s and 70 s. Figure 6 shows the radial distribution of the main periods. The region from 9 R E to 25 R E is split into 1 R E unit according to the radial distance from the Earth. The average periods of B T , B ‖ , V i , B ⊥ , N, and V ⊥ in BBFs are plotted as rhombus with error bar in Figures 6a-6f . In order to get sufficient statistics between 12 and 17 R E , we joined the neighboring bins to get the average periods of these parameters. The black line shows the least squares fit to these periods. The slope of these fitting line is less than 1.7. The maximum variation of the period is mostly less than 20 s when the radial distance change from 9 R E to 20 R E . So we conclude that the main period of these parameters has little dependence on the radial distance.
Discussion and Conclusion
In our paper, 424 BBFs were observed by the five THEMIS probes during the year 2008 to 2011. The oscillation period distribution and the radial distribution of the magnetic field (B T ), ion velocity (V i ), and shear, compressional component of them inside BBFs are analyzed. Only periods less than 300 s were analyzed due to the 5 min threshold of BBFs. The following is a brief discussion.
The histograms of "All" period distributions (Figure 5a ) reveal that the high frequencies have larger likelihood of occurrence than the low frequencies. The main and second period of the magnetic field and plasma parameters have quasi-Gaussian distribution. The three peak periods mainly describe the most probable periods of the oscillations. The periods of maximum occurrence rates of main period of B T , B ‖ , and B ⊥ are about 150 s, 150 s, and 143 s. The peak of second period is between 63 s and 70 s about half of the main period. These periods are unlikely to originate from the radially bouncing plasma tubes discussed by Panov et al. [2013] and Wolf et al. [2012] . Panov et al. [2013] showed that the peak period of damping oscillation based on THEMIS data is between 180 s and 240 s. This result is very different from ours.
We first think that the value of B ⊥ could be the period of bouncing Alfvén waves which was thought to be the source of TR Pi2 suggested by Baumjohann and Glaßmeier [1984] . They pointed out that Alfvén waves are sent along the field lines into the ionosphere when BBFs propagate earthward. Then the wave is reflected due to the unmatched conductivity between ionosphere and plasma sheet. The reflected wave adds to the incident wave and then was sent in the ionosphere again. These signals would be observed as Pi2 pulsations at high latitudes which are linked to the relatively distant tail. Case study by Kan et al. [2011] also showed that the Alfvén travel time from X = À10 R E to ionosphere is about 70 s-80 s. The double time is 140 s-160 s. It is comparable with our result in the near-Earth plasma sheet. However, the period is determined by travel time of Alfvén waves from plasma sheet to ionosphere. So the period should increase with distance and Alfvén velocity. This trend is not found in our data. The periods of all these components analyzed in our paper change little when radial distance increases from 9 R E to 20 R E , which can be seen in Figure 6 . In addition, the Alfvén velocity is defined by V A = B 0 /(μ 0 ρ 0 ) 1/2 , where B 0 is the magnetic field along the Alfvén travel path, μ 0 is the permeability of free space, and ρ 0 is the plasma mass density. If the period is derived from the TR model, the period should change with B 0 and ρ 0 . But this trend is also not found. (The result is not showed in this paper.) So we conclude that the period of B ⊥ may not be derived from this model. Another possibility is that periods of these parameters are formed at the beginning of BBF history. Previous studies showed that substorm Pi2s are driven by multiple plasma sheet flow bursts; each period of Pi2 is formed by the entry of new streamer [Sergeev et al., 1996b; Nishimura et al., 2012] . These mean that the reconnection in the plasma sheet is periodical. Flow magnetic field pulses will be also formed at Pi2 periodicity according to the reconnection and the period does not change much when flows propagate to smaller distances because low-latitude Pi2 have almost the same waveform as high-latitude Pi2 and auroral streamer [Nishimura et al., 2012] . Absence of distance-dependent period variation in our results in Figure 6 strongly supports this view. If the BBF generation process forms~1 min flow pulses at 2-3 min periodically, the period of flow pulse corresponds to our second period (Peak periods of second periods are about 1 min.), and the forming period corresponds to our main period. (Peak periods of main periods are about 2-3 min.) We suggest that the periodical reconnections in the plasma sheet are possible resource of the periods of magnetic field and plasma parameters in this paper.
In this paper the Doppler effect is not considered. Periods of the magnetic field and plasma parameters are generally attributed to localized reconnection. Satellites can be considered stationary. There is little relative motion between the source and the observer of the waves in BBFs. In Figure 7 , periods of compression waves do not exhibit any significant dependence on velocity of BBFs. This also showed that Doppler effect has little effect on the periods of magnetic field and plasma parameters.
Conclusion
1. The main and second periods of the magnetic field and plasma parameters have a quasi-Gaussian distribution. 2. The periods of maximum occurrence rates of main period of V i , N, V ⊥ B T , B ‖ , and B ⊥ are about 160 s, 154 s, 158 s, 150 s, 150 s, and 143 s. The peak of quasi-Gaussian represents the specific mode of these parameters. 3. The main periods of the magnetic field and plasma parameters do not exhibit any significant dependence on radial distance. When radial distance increases from 9 R E to 20 R E , periods of these parameters change little. 4. The duration time of BBFs increases strongly with increasing distance at near-earth region up to 15 R E , whereas at far away radial distance range the graph seems to flatten. 
